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j -'~Historically, the tropopause has been defined arbitrarily in terms of~' particular features present in a temperature profile.Thssuyuget a modified definition which is consistent with the assumption that the tropopause is a boundary between the ozone rich air of the stratosphere and the ozone poor air of the troposphere.
Several hundred simultaneous temperature and ozone profiles from the middle 1960s and the latter 1970s were examined in order to arrive at a 20 . Abstract (Continued) tropopause definition based on temperature and yet consistent with the ozone evidence. These data span a wide range of latitudes and seasons. Agreement between the conventional World Meteorological Organization (WHO) defined tropopause based on temperature lapse rate, and a tropopause defined subjectively on the basis of ozone gradients was found to be only 68%. However, a modification of the WHO tropopause definition, which relaxed the thickness criterion and considered the relative change in lapse rate from troposphere to stratosphere, produced a 95% agreement with the subjective tropopause based on ozone.
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I. RESEARCH OBJECTIVES
The objective of the research effort is to re-evaluate the conventional definition of tropopause from the viewpoint of stratospheric-tropospheric exchange using simultaneous ozone-temperature profiles. In addition, a new objective definition of tropopause that is consistent with ozone evidence is to be formulated and applied to a ten-year global set of standard radiosonde temperature profiles to prepare a suitable climatology.
II. STATUS OF RESEARCH EFFORT
A. INTRODUCTION
The troposphere and stratosphere are two quite distinct layers of the atmosphere that can be very well defined by their large scale features. The tropopause is defined as the boundary separating the troposphere and the stratosphere. Ideally, this boundary is represented by an abrupt change in thermal stability. In reality, factors such as latitude, longitude, season, history of the air mass, and synoptic weather situation can make the determination of the tropopause height a difficult task.
Because of the differences in the average temperature structure between the troposphere and the stratosphere, the tropopause is most often defined in terms of an abrupt change in the temperature lapse rate. The World Meteorological Organization (WMO) has adopted a definition of tropopause based upon thermal stability that will be defined in a following section.
The assumption was made here that ozone is a good indicator of stratospheric air and may be used to identify the lower boundary of the stratosphere. In this study, several hundred ozonesondes that have simultaneous ozone-temperature profiles were examined. The WMO tropopause definition was modified to produce a new objective scheme of tropopause analysis that is more consistent with ozone.
The new objective scheme of tropopause analysis has been applied to a ten-year set of radiosonde data.
B. DATA
The simultaneous ozone-temperature profiles that were used for this study were taken from two sources. One was the AFCRL ozonesonde ascents from the mid-1960s and the other source was the World Data Center for Ozone in Toronto, Canada. variables are given every 30 or 60 seconds. This results in approximately 100-200 levels reported from surface to 10 mb. The more standard ozonesondes obtained from Toronto usually report significant levels of ozone partial pressure along with mandatory levels. This results in approximately 50 levels reported from the surface up to 10 mb which is more detail than available in standard radiosonde temperature profiles.
From these data, 33 time sequences of at least daily ozonesondes were chosen from around the world. These time sequences last from about one week to one and one-half months. The requirement for at least daily ozonesondes narrowed the choices of time sequences substantially. It was necessary to have the best time resolution possible for analysis of ozone time sections so that synoptic scale disturbances in the ozone field could be resolved. The 33 time sequences are listed in Table I and contain a total of 495 ozonesondes, of which 474 were deemed complete enough for tropopause analysis.
One possible serious limitation to this effort is the rather small sample of simultaneous ozone-temperature profiles that are available in sequences of daily ozonesondes. Most ozonesondes are not taken daily. One would like to see in the future a much larger set of daily ozonesondes that cover more regions of the globe to see if the results of this investigation are truly general in nature.
C. ANALYSIS OF THE DATA
All 33 time sequences of simultaneous ozone-temperature profiles were plotted by computer. The ozone sequences were hand analyzed in the form of time sections of the ozone mass mixing ratio field. An example of an ozone time section is shown in Figure 3 . The ozone mass mixing ratio field is plotted for one week of data. At concentrations of less than about 0.1 pg/g in the lower part of the figure, the field is not stratified vertically but is rather well mixed. All of the ozone time sections showed this tendency to go from well mixed to highly stratified when the ozone concentration reached a few tenths of a microgram per gram.
The temperature profiles for a given time sequence were carefully compared to the ozone field. It was found that whenever the ozone concentration had strong gradients in the vertical, the corresponding temperature profile showed a region of increased stability. This ozone increase usually occurred just above a large decrease in the temperature lapse rate, but at other times the stability change was more subtle. The next step was to construct a set of subjectively determined "tropopauses" based on the evidence of large ozone gradients in the vertical. These tropopauses were selected at visible discontinuities in the temperature profile that were at or below the large ozone increases. This analysis produced a set of 474 subjectively defined tropopauses based on ozone evidence. A comparison was made between this set of tropopauses and the WMO defined Lropopauses for the same temperature profiles. In 68% of the temperature profiles, the two tropopauses agreed while in the remaining 32% of the soundings the WMO defined tropopause was higher than the subjective ozone-based tropopause. The bias of WMO tropopauses toward higher heights suggested the possibility for the development of a modified tropopause-finding algorithm that was more consistent with ozone.
D. MODIFICATION OF THE WHO DEFINITION
Since the WHO definition of tropopause is central to the discussion in this study, its main points are given below.
1. The first tropopause (i.e., the conventional tropopause) is defined as the lowest level at which the lapse rate decreases to 2 0 C/km or less, and the average lapse rate from this level to any level within the next higher 2 km does not exceed 2°C/km.
2.
A level otherwise satisfying the definition of tropopause but occurring at an altitude below that of the 500 mb level will not be designated a tropopause unless it is the only level satisfying the definition and the average lapse rate fails to exceed 3 0 C/km over at least 1 km in any higher layer.
Evidence from the previous section states that the WHO defined tropopause is too high 32% of the time in the experimental data set where ozone is considered. This is because both the WMO lapse rate and thickness criteria are too strict.
The first attempt at modification was simply to change the fixed criteria found in statement 1, above, from requiring a stability of 2°C/km over a depth of 2 km to requiring a stability of 2.8 C/km over a depth of 1 km. This change obviously relaxed the stability requirements in the WHO definition substantially. These new stability criteria were arrived at by carefully inspecting each test profile and are entirely empirical. This attempt at a modified WHO definition was compared with the subjective ozone-based tropopauses found earlier. In this case, 89% of the test profiles showed agreement as compared to 68% before the WMO definition was modified. This result lent credence to the idea that the WMO stability criteria must be, at least in general, relaxed.
The 11% of the profiles in disagreement with ozone evidence fell into two categories. Either they were borderline cases where a slight change of the criteria would bring them into agreement or they exhibited a large relative change in lapse rate that still was not stable enough absolutely to fit the stability criteria. In the second category were profiles where the troposphere contained large lapse rates (e.g., 8-10 0 C/km) and the abrupt change in lapse rate at the beginning of the ozone gradient was, for example, from 9 0 C/km to 4°C/km. Even though 4°C/km doesn't satisfy the tropopause stability criteria, there is a major change in character of the temperature profile at this level and
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-4-the ozone concentration starts to increase rapidly at this level. The evidence from the temperature profiles suggested that a tropopause lapse rate criterion should be based on the relative change in lapse rate from troposphere to stratosphere rather than an absolute stability criterion such as 20C/km. A simple linear relation between the two was deduced from the experimental temperature profiles
in which A is the tropopause temperature lapse rate criterion (replacing 2 C/km in the WMO definition) that is calculated directly from the average lapse rate of the troposphere, YT" The average lapse rate of the troposphere is calculated from the 2 km deep layer immediately beneath a possible tropopause level. The basic ideas involved are diagrammed in Figures 1 and 2 . Figure I is an example of a vertical temperature profile. Levels in a profile are successively tested for tropopause using the new definition. The temperature lapse rate that exists above a test level is designated by Y. The average lapse rate in the 2 km below the test level (i.e., the tropospheric lapse rate) is designated by *T" Figure 2 summarizes the lapse rate criteria for tropopause determination. The horizontal dashed line is the lapse rate criterion for the WMO definition. It is fixed at 2 0 C/km no matter what the lapse rate of the troposphere might be. If the atmospheric lapse rate above the test level, Y , is equal to or less than 2 0 C/km, then a tropopause has been found. The solid line in Figure 2 is the lapse rate criterion developed in this studg. It is fixed at 2.8°C/km when the tropospheric lapse rate is less than 6.5 C/km and it is fixed at 5 0 C/km when the tropospheric lapse rate is greater than 10°C/km (adiabatic). When the tropospheric lapse rate is between 6.5 0 C/km and 10°C/km, the lapse rate criterion varies linearly between 2.8°C/km and 5 0 C/km as specified in the bottom equation. Thus, in this region, the relative change in lapse rate from troposphere to stratosphere is important in defining the tropopause. The thickness criterion for stability is kept fixed at 1 km as opposed to the 2 km required in the WMO definition.
With the above modifications, 95% agreement was achieved between the subjective ozone-based tropopauses and the new objective scheme. This is an improvement over the 68% agreement with the WMO defined tropopauses.
The new objective scheme is especially useful in the middle latitudes where synoptic scale waves are dominant. The tropopause is known to sharply subside within a vigorous tropospheric trough and, in fact, tends to fold itself in many cases. The intrusion of stratospheric air within these tropopause folds can be identified in temperature profiles by stable layers. This sharp subsidence of the tropopause is rarely detected by the WMO tropopause criteria but can be by the new scheme. An example of the difference between the new scheme and the WMO tropopause is presented in Figure 3 . This figure is a weekly time section of ozone r ___________________________________________ 5-mass mixing ratio with the two tropopauses superimposed. The CDC tropopause is more consistent with the ozone data than the WMO tropopause, especially during a stratospheric intrusion.
E. TIME CONTINUITY CHECKING
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When one deals with archived radiosondes, one can further improve and refine a tropopause finding algorithm by including some form of time continuity checking. The new tropopause definition is being used on archived radiosonde data and so time continuity checking has been incorporated. One must be very cautious in applying a time continuity check on sequential tropopause heights because they are known to vary over rather large altitude ranges on time scales of a day.
The development of the time continuity check was motivated by two main concerns. The first and most important concern is that any arbitrary numerical rule (e.g., lapse rate criterion) makes the tropopause algorithm more exacting and stringent than is appropriate for the quality of radiosonde temperature profiles. A rigid rule allows the tropopause to jump from one stable layer to another. This jumping can be caused by possible tropopause levels which alternately satisfy and fail the objective rules by small amounts. The time continuity check attempts to smooth out these arbitrary jumps. The second concern is for any high-frequency, highamplitude variability that may be present and not real. The time continuity program is able to filter out narrow large spikes in a month of 12-hourly tropopause heights. Experiments with many months of archived data have shown good success in dealing with both possible problems.
The time continuity program scans a month of archived data looking for a tropopause height that is significantly different from both the previous sounding and the subsequent sounding. If the suspicious tropopause is higher than its neighbors in time, then that sounding is re-examined by slightly altering the new definition itself to allow the possibility of finding a lower tropopause that agrees better with time continuity. This can happen if a lower layer narrowly failed the new tropopause criteria when in fact it may be a tropopause. The new criteria are only slightly altered to accept these borderline cases. An analogous procedure is used for suspiciously low tropopauses also, but this time the new criteria are slightly altered to possibly choose a higher tropopause. If a different tropopause level is calculated due to time continuity checking, then it must be closer in height to both the previous and subsequent soundings to be accepted; otherwise, the original tropopause height remains.
After the month of tropopauses has been checked for time consistency, one final check is administered. All of the tropopause pressures are checked to detect extremely high tropopauses. A check similar to this has been used previously in connection with the conventional (WMO) tropopause. In that case, all tropopauses with pressures less than 30 millibars were rejected. The new scheme rejects all tropopauses with pressures less than 80 millibars, -6-except in the tropics (00-25° latitude) all year and in the subtropics (250-400 latitude) in the summer half of the year where the ceiling is 50 millibars. No evidence of valid primary tropopauses above these limits has been encountered.
F. ARCHIVED RADIOSONDES
A very large data set of archived radiosondes is available for tropopause determination. This data set is global and contains over 1000 individual stations. The time period covered is from September 1963 through December 1973 and most stations have OOZ and 12Z twice-daily observations. The set consists of over 4.2 million individual radiosonde ascents that have been error checked previously. An additional stage of error detection for this data set has been incorporated into the automated computer program that finds tropopauses using the new definition. The automated scheme has completed the tropopause analysis of this ten-year data set.
Approximately 3.1 million primary tropopauses have been produced and recorded on magnetic tapes. Also, monthly means of pressure, temperature and height of the primary tropopause and the associated standard deviations have been calculated. On the order of one hundred thousand monthly means are printed on paper and recorded on magnetic tape. Formation of a climatology of this newly defined tropopause is currently underway.
A difficulty exists in applying this definition to the archived data set. Most of the archived radiosondes give temperature at significant levels and often one of these significant levels is a WMO coded tropopause. This results in a possible bias in the radiosonde data toward levels already picked as WMO tropopauses. A set of temperature profiles given at significant levels without prior assignment of a WMO tropopause level is preferable; however, the modified definition can and does pick lower significant levels as tropopauses. This problem is not so important when one remembers that the modified definition always chooses a tropopause at or below the WMO tropopause.
G. SUMMARY AND CONCLUSIONS
The location of the tropopause has been a subject of much investigation in the past 25 years. No one strict definition can be applied in all cases. Much of the time, there is a clear change in stability between the troposphere and stratosphere and a tropopause may be easily recognized. In some cases, it is very difficult to locate any such feature in a temperature profile. Often the problem under investigation dictates how the tropopause may be defined.
This research effort is concerned with the relationship between the tropopause and ozone. A modified WMO tropopause definition that is consistent with ozone evidence, yet based on temperature alone, has been developed.
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A data set of 474 detailed simultaneous ozone-temperature profiles was used to develop the modified WMO tropopause definition. The modified definition yielded agreement 95% of the time with a set of ozone based subjectively determined tropopauses. The conventional WMO tropopause definition yielded agreement 68% of the time with the set of ozone tropopauses. The modified definition always produces tropopauses that are equal to or lower than the WMO defined tropopauses because the stability criteria are relaxed.
The greatest discrepancy between the two types of tropopause occurs in the middle latitudes where active synoptic scale waves are important. In this case, the modified definition produces substantially lower tropopauses than the WMO definition especially within active tropospheric troughs. The newly defined tropopauses are much more consistent with the location of the first large ozone increase in the vertical than are the WMO defined tropopauses.
The modified definition of tropopause has been written in the form of a computer pivgram and applied to a ten-year global set of standard archived radiosondes. A climatology is in preparation.
8-
Ill. LIST OF PUBLICATIONS
A paper is currently in preparation that parallels the material presented in this Technical Report. The title is "Re-evaluation of the Definition of Tropopause, Using Ozone." The authors are J. M. Roe and W. H. Jasperson, and it will probably be submitted to the Journal of Geophysical Research. 
IV. PROFESSIONAL PERSONNEL
VII. OTHER STATEMENTS
More time was devoted to the definition phase of the study than was originally planned, This allowed the development of a much more reliable and accurate tropopause definition. Consequently, the phase of the contract dealing with the display of the climatology of the new tropopause has been delayed. Although all of the climatology has been calculated on magnetic tape, a suitable display of it has yet to be selected in consultation with the Technical Monitor. This will cause the ozone gradient task to be included in the second year. Discussions with the Technical Monitor will determine the priorities of the second year tasks. 
